The Ti-V-O system was studied experimentally from 700 • C to 1500 • C by high-temperature equilibration, quenching, scanning electron microscope and Energy-Dispersive X-Ray spectroscopy. The solubility of titanium in the slag is less than 3 mole % at 1500 • C and the vanadium solubility in the rutile phase reached a maximum of 7.8 mole % at 1400 • C. The thermodynamic evaluation was performed with FactSage 7.0. The solubility of vanadium in the rutile phase was developed within the framework of the compound energy formalism. The properties of the liquid phase were described with the quasichemical model. A set of self-consistent thermodynamic parameters was estimated well within acceptable limits. The calculated phase diagram of the Ti-V-O system in air is presented and compared to experimental observations and other phase diagram data from literature.
Introduction
In an earlier study [1] the Fe-V-O system in air was investigated and its industrial importance, particularly in the extraction of vanadium from titaniaferous magnetite was explained. In this study, we investigate the Ti-V-O system in air, which in turn will contribute to thermochemical database for M-V-O systems (where M refers to metallic elements like Na, K, Ca, Mg, Ti, Cr, Mn, Fe, Al, and Si) under oxidizing conditions. Only a few studies have partially investigated phase equilibria of Ti-V-O in air and at lower oxygen partial pressures [2, 3, 4, 5] . Nevertheless, the Ti-V-O system was thermodynamically evaluated by Enomoto [6] and later again by Yang et al. [7] in response to new experimental phase diagram data obtained under relatively reducing conditions [4, 5, 8] .
Applications of the Ti−V−O system under oxidizing conditions were reported by numerous studies [9, 10, 4, 5] . One such application of the Ti-V-O system under oxidizing conditions is its effect as supportive promoter for catalyst during the selective oxidation of butadiene, 1-butene, and benzene to maleic anhydride, and of naphtalene and ooxylene to phthalic anhydride [9] . A better knowledge of phase relations assists in identifying appropriate processing conditions and to understand the ageing phenomena of catalysts [4] .
Phase equilibrium data for Ti-V-O system in equilibrium with air is scarce at temperatures below 800 • C and nonexistent above 800 • C. For this reason, this study focusses on characterization of liquidus and solidus composition from 700 • C to 1500 • C by means of equilibration-quench-analysis method. The solubility of V in the rutile phase is estimated and solid state equilibria of stoichiometric compounds are investigated. Furthermore, the system is critically evaluated and thermodynamically assessed with the well-known CALPHAD (Calculation of Phase Diagrams) method. All calculations were performed with the commercial software package, FactSage 7.0 [11] . This study is part of a larger effort to measure and model the thermochemical behaviour of vanadium-containing oxide systems.
Literature Data

Structure and phase transformation data
Fotiev et al. [3] studied compatibility relations among crystalline phases of the oxide components Fe 2 O 3 , TiO 2 , and V 2 O 5 in air employing a quenching technique. A solid-phase compatibility triangle applicable to restricted temperature ranges below 700 • C, for the pseudo-ternary system Fe 2 O 3 −TiO 2 −V 2 O 5 is presented in their study. No stoichiometric compounds were found in the TiO 2 −V 2 O 5 phase region, and no ternary stoichiometric compounds were reported. In the same study, compatibility relations among crystalline phases of the pseudo-ternary systems, Al 2 In another study, Golovkin et al. [12] investigated sub-solidus regions in the Cr 2 O 3 −TiO 2 −V 2 O 5 system. Samples were equilibrated at 700 • C with repeated re-grounding and pellitizing cycles. No stoichiometric compounds were found in the TiO 2 −V 2 O 5 pseudo-binary system.
Five low-temperature, low-pressure polymorphs of TiO 2 have been reported [13, 14, 15] . However, only anatase and rutile are found in the FToxid database of FactSage thermochemistry software. The transition of anatase to rutile is a nucleation and growth process and has been shown in most cases to transform between 600 and 700 • C. The transition temperature is dependent on particle size, particle shape, surface area, atmosphere, volume of sample, nature of sample container, heating rate, soaking rate, impurities and measurement technique [16] .
Habel et al. [4] investigated the transformation from anatase to rutile in the presence V 2 O 5 and reported a transformation temperature of 550 • C. This finding suggested that V 2 O 5 encouraged the transformation of rutile to anatase. This experimental observation supports our experimental assumption that anatase in the presence V 2 O 5 was transformed to rutile, given that all experiments of this study were conducted at and above 700 • C with relatively long equilibration times. Moreover, it has been reported that rutile has a deviation from stoichiometry corresponding to oxygen deficiency (see subsection 4.4).
The structure of V 2 O 5 is orthorhombic based on the hcp oxygen packing scheme. The compound has been well described in numerous studies [17, 18, 19, 20] .
Liquidus and solidus data
Little liquidus and solidus data have been reported for the Ti-V-O system in air (see Table 1 ). However, in two recent studies by Habel et al. [4, 5] a wide solubility range of V 2 O 5 in rutile crystal structure was reported. The focus of their work was on phase development during catalyst processing under oxidizing conditions. A phase field for rutile solid solution up to 12.5 mole % V 2 O 5 at 675 • C was detected and a eutectic reaction from cooling was found at 631 • C by means of DTA (differential thermal analysis). However, it was found that the thermal arrest upon heating was estimated to be about 670 • C. It is stated in Yang et al. [7] that it is more appropriate to assign the heating value than the cooling value to the eutectic temperature, given that there is a likelihood of potential supercooling during solidification. A preliminary phase diagram displaying a large solubility area of V 2 O 5 in rutile was deduced from a set of XRD (X-ray diffraction) results.
It was then reported that the unit cell of rutile solid solution is smaller than that of pure rutile, because V 5+ and V 4+ ions are smaller than Ti ions. This type of behaviour indicates a substitutional replacement. A set of different defect models was proposed, describing V 2 O 5 (s) solubility in the rutile phase [4] .
• Vanadium remains completely in a 5+ valance state, which indicates that no oxygen was lost and charge compensation on the crystal lattice of rutile is preserved by interstitial oxygen ions:
• Vanadium remains entirely in a 5+ valance state, which indicates that no oxygen was lost and charge compensation on the crystal lattice of rutile is preserved by vacancies on the vanadium site:
• Vanadium is reduced to a a 4+ valance state with a loss of 1/2O 2 [7] The last defect reaction is unlikely to take place, because of oxidizing conditions during experimentation. XPS (X-ray photoelectron spectroscopy) studies from Habel et al. [4] revealed an oxidation state of 4.75 for V in the rutile phase. As a result, the first and second defect models are used for deriving a set of mathematical equations for describing the solid solution between TiO 2 (s) and V 2 O 5 (s). It is mentioned in section 1 that the Ti-V-O system has been assessed and optimized by Yang et al. [7] . Yang et al. [7] used the the ionic liquid model to describe the liquid phase and all solid phases were developed within the framework of the compound energy formula. All available experimental data pertaining to the Ti-V-O system were critically evaluated and a set of self-consistent thermodynamic model parameters was obtained. However, limited experimental data on the TiO 2 −V 2 O 5 phase region were obtained and the phase diagram presented by Yang et al. [7] was based exclusively on data from Habel et al. [4] . As a result, the authors relied on extrapolation from model parameters to calculate the higher temperature areas of the liquidus and solidus on the V 2 O 5 -TiO 2 phase diagram. Because of the lack of experimental data, it was stated by Yang et al. [7] that "it is important to note that more reliable experimental investigations are necessary to further improve the description of this system".
Thermodynamic data
All thermodynamic data of V 2 O 5 (s,l) and TiO 2 (s,l) were taken from FactPS database [11] , unless otherwise stated (see Table 2 ). No other thermodynamic data of the Ti-V-O system in air were found in literature, which highlights the need for further experimental work. 
3. Experiments
Sample Preparation
High-purity V 2 O 5 (s) and TiO 2 (s) were selected as starting materials. The material, source and purity are given in Table 3 . Mixtures of selected bulk compositions of less than 0.5 g were prepared by weighing the oxide powders, followed by grinding a mixture thoroughly in an agate mortar. The initial composition was selected to insure that a liquid phase is in equilibrium with a solid phase at a desired temperature. The sample was then pelletized to a diameter of 8 mm and a height of more or less 3 mm in a pressing tool.
Experimental Procedure
Equilibration was accomplished in a vertical electrical resistance tube furnace (Lenton, UK) with a 35 mm inner diameter alumina work tube. Before any tests were conducted, the hot zone of the furnace was determined by obtaining a thermal profile at 700 • C, 1000 • C and 1300 • C. A calibrated S-Type thermocouple connected to a Keithley 3 2010 DMM multimeter (Cleveland, OH, USA), and a cold junction compensation was connected to a Keithley 2000 multi-meter (Cleveland, OH, USA) to measure the ambient temperature with a PT100 sensor (Platinum Resistance thermometer, SKS Group, Finland). The temperature was captured and logged every 2 seconds with a NI labVIEW temperature logging program. A small hot zone of 4 -5 cm in length was established. The deviation of temperature measurements in the hot zone was less then 2 • C. The hot zone is shown in Figure 1a as an area within the two dashed lines.
Experiments were carried out in air, with the top and bottom of the furnace open to the atmosphere. All specimens were lowered into the furnace with Pt wire in a Pt envelope. The advantages of using platinum as containing material are:
• The Pt wire and envelope will not react with oxygen to then dissolve in the oxide phases of a specimen.
• Pt melts at 1770 • C, which is well above the desired temperature range of this study.
• A hand assembled envelope with small voids was chosen over Pt foil to allow the specimen to come in direct contact with the quenching medium.
Equilibrium was confirmed by two means: Comparing samples from different equilibration times to each other and assessment of compositional homogeneity of the phases by Scanning electron microscope with energy dispersive 4 X-Ray spectroscopy (SEM-EDS) and Electron probe micro-analysis (EPMA). Careful consideration was given to equilibration times. For samples equilibrated at and below 800 • C, equilibrium was achieved after 32 hours. For samples above 800 • C and below 1200 • C, equilibrium was achieved after 16 hours. And for samples at and above 1200 • C, equilibrium was achieved after 4 hours. Each experiment was repeated at least once. The equilibration time was mainly dependent on temperature, because of the influence of temperature on diffusion, phase transitions and chemical reactions. Physical properties of a material, such as solid-liquid surface tension, liquid viscosity and density are assumed to have a negligible effect on equilibration time compared to temperature. After equilibrium was achieved, a sample was rapidly dropped in a beaker of ice-water. Rapid quenching attempts to preserve the phase assemblage formed at the equilibration temperature. The quenched sample was dried and mounted in a epoxy resin. After solidification, the sample was ground and polished employing conventional metallographic techniques. However, water was not used as lubricant because V 2 O 5 (s) has a solubility of 0.8 g/l in water [21] . For this reason, propylene glycol (Sigma Aldrich, Germany) and DP Lubricant Brown (Struers, Munich, Denmark) were used.
The polished samples were carbon coated with a Leica EM SCD050 coater (supplied by Leica Mikrosysteme GmbH, Vienna), before Scanning electron microscopy (SEM, A LEO 1450, Carl Zeiss Microscopy GmbH, Jena, Germany) with Energy Dispersive analysis (EDS, Link Inca X-sight 7366, Oxford Instruments plc, Abingdon, Oxfordshire, UK) and EPMA (Cameca SX 100). Carbon coating avoids charge build-up of a specimen, which reduces thermal damaging of samples and improves secondary electron signal thereby improving imaging. The accelerating voltage of the SEM was 15 KV and standard intensities for O, V and Ti were hematite, pure V and Ti, respectively. All EPMA samples were analysed at 15 KV accelerating voltage and 40 nA beam current. All elements were measured on their Kα lines, using wavelength-dispersive spectrometers. Ti was calibrated on TiO 2 , V on pure V, but the measured V mass fractions were adjusted as if V had been calibrated on vanadinite (Pb 5 (VO 4 ) 3 Cl). This was done to better match the matrix of the calibration standard with the oxide matrix of the samples. The matrix correction in the probe software was based on the "X-PHI" model [22] .
Thermodynamic modelling
Stoichiometric Compounds
The Gibbs energies of stoichiometric compounds and of the components of solution phases are expressed in the form of G − ∑ H SER and is also as a function of temperature. The ∑ H SER (Standard Element Reference) is the sum of enthalpies of the elements at 298 K and 1 bar pressure. The standard Gibbs energy of stoichiometric compounds are described by:
where the parameters of some compounds from Equation 4 are optimized from selected literature data reviewed in section Literature Data. In this case, only the enthalpy of formation and standard entropy of some compounds were optimized to reproduce the experimental observations from this study.
Gas Phase
All thermodynamic calculations were done at an absolute pressure of 1 atm. At this low pressure the gas phase exhibits ideal gas behaviour. The following limiting condition supports the assumption [23] :
Moreover, the molar Gibbs energy of the gas phase is given as [23] :
where x i is the mole fraction of the specie i, P • is the standard pressure of 1 atm and P i is the partial pressure of the gaseous specie, i. 5
Modelling of the liquid phase
The modified quasichemical model (MQM) [24, 25] , which takes into account short range ordering of second nearest neighbours was used to describe the liquid phase. At least one set of cation pairs need to be identified when MQM is used in order to present a quasichemical reaction.
In [30] . Kawakita et al. [26] had shown that he characteristics of liquid P 2 O 5 is similar to liquid V 2 O 5 , which further supports our usage of V 2 O 4− 7 as building unit of V 2 O 5 (l). Furthermore, the liquid phase will likely contain a low concentration of V 4+ ions. This is because of the equilibrium reaction V 2 O 5 (l) = 2VO 2 (l) + 1/2O 2 (g) [31] , which has been shown to become thermodynamically favourable in air at just below 1400 • C [11] . However, no study has shown experimentally whether TiO 2 (l) stabilize or destabilize the higher valence V 5+ ions, hence it is assumed that the V 2 O 5 liquid component is largely dominant and the species with lower oxidation states in air were excluded. This assumption was also made by Xie et al. [32] , Malan et al. [1] , Cao et al. [33] .
The quasichemical reaction between cations in a slag phase of the Ti-V-O in air can be expressed as:
where
represents the Gibbs energy change of the quasichemical reaction 7. However, Ti has multiple oxidisation states, and is it known that Ti 3+ is present in low concentrations under oxidizing conditions, because of the decomposition of TiO 2 (l) to form Ti 2 O 3 (l) and O 2 (g) in high temperature regions [11] . Therefore, two more quasichemical reactions are identified. [34] and later again by Kang et al. [35] in response to the publication of more recent experimental data. Hence, the parameters of Kang et al. [35] are used in this study.
The molar Gibbs energy of the respective TiO 2 −V 2 O 5 and Ti 2 O 3 −V 2 O 5 solutions are expressed as follows:
where, ∆S con f ig is the configuration entropy expressed as random mixing of the bonds over bond sites in one dimension (Ising approximation) [36] . Moreover, ∆g Ti 4+ −V 2 O 3 4+ , can be expanded as an empirical polynomial function in the mole fractions of pairs. will have a small effect on the Gibbs energy of the liquid. In this region, only the parameters g i0
largely contribute to the Gibbs energy. The opposite is true when the total mole fraction of TiO 2 is << 1/2 [36] .
Furthermore, the TiO 2 −Ti 2 O 3 −V 2 O 5 liquid properties were described from corresponding binary pairs using a Kohler interpolation method. This method is symmetric in nature, which constitutes that all chemical components are chemically similar. This interpolation method is used as first approach in this study to estimate thermodynamic properties and phase diagram data from binary model parameters. It has been shown that a Kohler interpolation method has been successful in describing slag phases of higher order systems [39, 30, 40, 41, 42] .
Modelling Rutile Solid Solution
The rutile solid solutions in the Ti-V-O system in air were developed within the framework of the compound energy formalism (CEF). It is well suited to model solid solutions with two or more distinct sub-lattices. Furthermore, it allows for cations and anions of different valance to mix in different sub-lattices, corresponding to the structure of a solid solution.
X i and X j represent the site fractions of constituents i and j on the first and second sub-lattices, respectively. S config is the configurational entropy and is expressed as follows:
with a and b being the stoichiometric constants of each lattice and R the ideal gas constant. It was postulated from the thermodynamic assessment of Eriksson and Pelton [34] , Kang et al. [35] , Cancarevic et al. [15] that rutile or titanium dioxide might exhibit a degree of non-stoichiometry. In other words, the ratio of oxygen to titanium is less than two and the nature of the defect has a structure TiO 2−x . Cancarevic et al. [15] discovered some controversy in literature, meaning that experimental data signified either the existence of double oxygen vacancies and free electrons or their combination with interstitially dissolved Ti 3+ ions. In their work, the oxygen vacancy model was preferred. The reason for this is that the lack of negative charge in the anion sub-lattice due to oxygen vacancies, is effectively compensated by an inclusion of Ti 3+ cations on the cation sub-lattice. The non-stoichiometry of rutile was described and developed within the framework of the CEF. Rutile was expressed as (Ti 4+ , Ti 3+ )(O,Va) 2 . Moreover, Eriksson and Pelton [34] and Kang et al. [35] used a simple Henrian solution of TiO 1.5 in TiO 2 to describe non-stoichiometry of rutile. This approach is also used in the FactSage thermochemical software.
To account for V solubility in the rutile structure, V can be introduced substitutionally with interstitially dissolved oxygen (first defect model proposed by Habel et al. [4] ). If it is assumed that O dissolves interstitially, the rutile structure is extended and expressed as (Ti 4+ , Ti 3+ ,V 5+ )(O 2− ,Va)(O 2− ,Va) 2 . Vacancies are introduced into both O sub-lattices for charge neutrality. The extended rutile structure has twelve end-member species, compared to four end-member species when non-stoichiometry is not considered with the introduction of Ti 3+ ions. Therefore, for the sake of simplicity, non-stoichiometry was not compensated for in the thermodynamic assessment of this study.
Habel et al. [4] showed experimentally a substitutional replacement of Ti 4+ for V 5+ in the rutile phase. Moreover, in our study on the Fe-V-O system in air, we assumed V dissolved substitutionally in the cation lattice of the hematite solid solution [1] . To remain consistent with previous modelling efforts and experimental findings, it was assumed that V dissolves substitutionally in the cation lattice. The model for the rutile solid solution is based on the second defect 7 
However, two end-member compounds in the rutile solid solution are electrically charged and cannot physically exist. A compound exist on the rutile solid solution neutral line and this compound has the chemical formula ( 
The third term in Equation 16
is an entropy of mixing contribution on the cation sub-lattice. A and B are parameters that were optimized. Furthermore, the end-members are derived, rearranged and expressed as follows:
The terms, G • Va:O 2− Rut are a reference term for other systems and have been set to zero [43, 1] . The other term, G • V 2 O 5 (s)−Rut was optimized with respect to its enthalpy of formation and standard entropy.
Sequence of Optimization
The principle of data fitting and parameter optimization is based on a least-squares method. That is, an objective function is expressed as the difference between the calculated value of a given property and an experimental value of the same property. This difference is known as the residual. It is possible to acquire a set of optimized model parameters by minimizing the sum of the square of the residual over all measured points. The optimization was performed using the OPTISAGE tool in FactSage 7.0 which has the ability to consider all types of data simultaneously. The guidelines set by Lukas et al. [44] were closely followed in this assessment.
In the first step of optimization, the quasichemical temperature dependent parameters in Equation 12 were optimized to obtain a reasonable fit of the liquidus curve. The initial values of these parameters were set to zero, assuming ideal behaviour of the binary pairs, Ti 4+ −V 2 O and G 0 V 2 O 5 (s)−Rut were simultaneously optimized in the final step of optimization by considering experimental measurements from this study and the eutectic measurements (heating value) from Habel et al. [4] . The eutectic temperature of Solacolu and Zaharescu [2] was not considered, because in their work only a melt projection is presented, which in turn indicated a eutectic reaction in the V 2 O 5 -rich regime.
Results
Phase characterization and quantification
The polished and coated samples were analysed with EPMA and SEM-EDS. However, EPMA has been widely accepted as an analytical tool for high accuracy and precision quantification of liquid oxide phases [45] . Therefore, EPMA is also preferred in this study because of its ability to quantify oxygen concentration in phases more accurately.
To confirm sample homogeneity, at least ten points of each phase were analysed to calculate a set of standard deviations for each element. Only results from EPMA are shown in Table 4 , however EDS results did not compare well to EPMA results, because it was noted that X-ray emission peaks of V and Ti overlapped. Oxygen concentration was calculated on the basis of stoichiometry (St.) by assuming V is in the 5+ and Ti in the 4+ oxidation state. The standard deviation (σ ) of each element is shown in the table next to its mean concentration. Furthermore, the raw data in Table 4 were converted to mole % and normalized. Table 4 : Summary of raw data of the quenched samples analysed using EPMA in weight %.
Molten Phase
Rutile solid solution All analysed samples had two phases, rutile solid solution and slag. Micrographs of samples captured from the SEM back scattered detector are shown in Figure 3 . For the samples quenched at 800, 1000 and 1200 • C a homogeneous glassy slag phase surrounded by light grey TiO 2 crystals are observed. Less than 2.7 mole % Ti had dissolved in the slag phase, in contrast to a V solubility of more than 7.8 mole. % in the rutile solid phase at 1400 • C. These findings indicate that the calculated V 2 O 5 −TiO 2 phase diagram from Yang et al. [7] were not entirely accurate owing to the shortage of experimental data on this system. Moreover, the calculated phase diagram from Yang et al. [7] grossly over-estimated the Ti solubility in the slag and under-estimated the V solubility in the rutile phase. Some precipitates had formed in the slag phase for the sample quenched at 1500 • C. Sample size and quenching medium did not reduce precipitation in the slag phase. Furthermore, average composition between precipitates and glassy phase was calculated, utilizing a larger probe spot size and considering at least 15 areas in the slag phase. With this approach, a standard deviation below 1 % was calculated for samples quenched at 1500 • C.
Thermodynamic Calculations
Based on all experimental data from Habel et al. [4] and this study, the optimized model parameters for all phases in the Ti-V-O system in air are presented in Table 5 . With these parameters, phase equilibria and invariant properties were calculated and compared with available literature data (where available).
A phase diagram, calculated from optimized parameters is shown in Figure 4 . All superimposed experimental data on the diagram were considered during the optimization sequence. The V 2 O 5 -TiO 2 phase diagram data obtained from the thermodynamic assessment of Yang et al. [7] were mostly extrapolated from model parameters and were not considered in the assessment of this study.
The low solubility of Ti in the slag was reproduced with the MQM. had been optimized after all other parameters mole ratio of 1.9 %. These values compared well with the thermal arrest upon heating, which was estimated by Habel et al. [4] to be about 670 • C and at a Ti (Ti+V ) mole ratio of 2.6 %. The calculated eutectic temperature and composition also compared well toYang et al. [7] who calculated the eutectic temperature at 675 • C and at a Ti (Ti+V ) mole ratio of 2.6 %.
Conclusions
The liquidus and solidus compositions on the Ti-V-O system in air were experimentally determined and analysed with SEM-EDS and EPMA. The liquid phase had a Ti concentration lower than 3 mole % within the entire investigated temperature range and coexisted with a rutile solid solution. The rutile solid solution had dissolved a maximum of 7.8 mole % V at 1400 • C and this phenomena has not been reported in any previous investigation.
A set of self-consistent thermodynamic parameters was achieved on the basis of the optimization considering data from present experiments and eutectic data from literature. A calculated phase diagram was provided, and the modified quasichemical model reproduced the experimental phase diagram data successfully. In addition, the phase diagram covers all areas between 1500 • C and the melting point of pure rutile, hence reasonable phase diagram can be estimated in areas not covered by experimental measurements. The rutile solid solution was well described with the compound energy formalism.
Future work can focus on acquiring liquidus and solidus data above 1500 • C; however other thermodynamic data such as enthalpy of mixing for liquid and activities of constituents of the liquid will be more valuable for an accurate description of the liquid phase in a similar temperature range as in this study. It is also our recommendation that a better understanding be gained of the defect models proposed and subsequently used to model the rutile solid solution.
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